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SUMMARY

The origin of the large piezoelectric coefficients that have been observed in poly-
vinylidene fluoride is not yet completely understood . In order to gain some insight into
the origin of these coefficients , the ferroelectri c hysteresis of a copolymer of vinylidene
fluoride with terafluoroethylene and of uniaxilly-stretched polyvinylidene fluoride was ob-

A served at 60 Hz at room temperature. The measured remanent polarization of the copol y-
mer was in good agreement with a calculated value using a frozen dipole model and
measured piezoelectric coefficients. The dielectric constant for the copolymer was
measured at 1000 Hz as a functi5. n of temperature and a large peak which may be inter-
preted as occurring at the Curie temperature appears at 122 °C. Also, a set of copolymer
film,~ of varying thickness were poled above the Curie temperature and their piezoelectri c
stress coefficients , g3 

~~
, were measured as a function of the poling field. These measure-

ments indicate that the copolymer , when poled above the Curie temperature , exibits bulk
polarization. All of these results suggest that this copolymer is ferroelectri c and that
poling aligns the di poles in the ~3 crystal phase of the material.

An additional experiment is being planned to measure the remanent polarization
observed in the hysteresis as a function of the maximum electric field across the polymer
film and then measure their respective piezoelectric coefficients , g3 I to determine the
correlation between the remanent polarization , 

~r ’  and the piezoelectr i c coefficient , g3 I
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INTRODUCT ION

The large piezoelectric coefficients in polarized polyviny lidene fluoride (PVDF)
-
: have stimulated a great deal of interest in this polymer since its discovery .’ Numerous

investigators have measured the magnitude of these coefficients under different pol ing
conditions2 8  as well as their thermal stability as a function of temperature .5 ’6 In
addition , piezoelectric coefficients hav e been measured as a function of bias field.9 ~ 0

These investigations, combined with morphology studies ,’ 1 1 5  thermally stimulated
discharge and pyroelectric measurements,16 22 observations of optical second har-
monic generation , 16 and studies of ferroelectric-like hysteresis,9 ’2 have led to only
a partial understand ing of the mechanisms responsible for the large piezoelectric co-
efficients and fe rroelectric-like properties. A complete understanding of these phenomena
must , of course , wait until the microscopic mechanisms responsible for these effects can
be directly identified and measured.

The purpose of this work is to better understand the orig in of the electrical prop-
er~.ies of a copolymer of vinylidene fluoride and tetrafluoroethylene. To accomplish this ,

the charge induced on the surface of the copolymer was measure d as a function of the
electric field at room temperature , the dielectric constant was measure d as a function of
temperature , and the piezoelectric coefficients of films of various thicknesses were
measured as a function of the poling field.

•
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EXPERIMENTAL

A commercially available copolymer of viny l idenefluoride -tetra fluoroethy lene ,
P(VDF-TFE ), containing 27% tetraf luoroethylene was chosen for our investi gations. The
advantage of using this copol ymer is that it crystallizes directl y from the melt into a crystal
phase analogous to that of the f3 phase of the PVDF homopol ymer. This eliminates the
mechanical drawing step which is required in PVDF to transfo rm the a to the ~3 phase , and
there is no preferred orientation in our P(VDF-TFE ) films. However , this is probably not
the optimum copol ymer , as such a hi gh percentage of tetrafluoroethylene reduces the
number of dipoles per unit volume and the maximum possible crystal l inity. Furthermore ,
27% tetrafluoroethy lene is the concentration with the lowest melting temperature , 126 °C,
which should have an adverse effect on the thermal stability.

The copol ymer powder , P(VDF-TFE), was of commercial grad e and was filtered
through wire mesh sieves of 60-micro n pore size to eliminat e some of the impurities. Then

• the polymer powder was placed in a stainless steel die and heated to 180°C in vacuum.
The resulting plug was pressed between polished nickel-plated stainless steel platens with
a pressure of 1000 newtnnsJcm 2 at 180°C. The resulting films were then cooled in the
press under pressure to room temperature over a period of approximatel y 30 minutes. To
vary the thickn ess of the films , shims of 100, 200, and 300 microns we re used at the edge
of the platens. In addition , a 25-micron-thick copolymer film with a 2: I draw ratio was
obtained from Pennwaldt Corporation.

After thoroughl y cleaning the films in a high strength detergent and rinsing in
deionized filtere d water , a luminum electrodes (5 cm x 10 cm) with offset tabs were vacuum

- - deposited on the films. Adhesion of the aluminum to the copol ymer was excellent when
proper surface cleaning and good vacuum technique was used. Copper leads were used for
the poling process and for the hysteresis measurements and were attached to the tabs with
Indium solder.

For poling, the films were placed in a support which was immersed in a circulating
dielectric grade silicone oil bath. The films were poled at 130 ± 1° C. The temperature was
monitored with a digital thermometer using an Iro n-Constantan thermocouple. Poling
times were 30 minutes with approximately a 20-minute cooling cycle.

For the hysteresis studies , a circuit similar to a Sawyer-Tower circuit 23 is used , as
shown in figure 1. During these studies , the filn i s remained in the oil bath to avoid heating
and the consequent dielectric fati gue.

For the dielectric constant measurements , the films again remained in the oil bath
and the dielectric constant and loss were measured at 1 000 I-l i with an impedance bridge.

The piezoelectric stress coefficient , g3 I was measure d using the circuits and instru-
mentation shown in figure 2 , where the I and 2 axes lie in the plane of th e film and the 3
axis is perpendicular to the film .
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Figure 1. Sawyer-Tower circuit used for
measuring D versus E. C0 is the standard
capacitor for measuring the electric dis-
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RESULTS

When a high sinusoidal field, 825 ky/cm , of 60 Hz was applied to the 25-micron
copolymer sample , a fe rroelectric hysteresis of D versus E was observed at room temper-
ature as shown in figure 3(a). The remanent polarization , 

~r’ saturation polarization , ~~~
and coercive field , E~ , were determined from the D versus E curve (D = E + P);

• ~r = 2. 1 ~.iC/cm2 , 
~~ 

= 2.4 ~.iC/cm 2 , and Ec = 365 ky/cm.

Similar ferroelectric hysteresis was observed for the PVDF homopolymer film of
27-micro n thickness obtained commercially from Kreha Corporation of America. This
hysteresis is shown in figure 3(b). With a maximum field of 1200 ky/cm , the remanent
polarization , saturation polarization , and coercive field obtained from this curve are

• ~r = 2.4 pC/cm 2 , 
~~ 

= 3.4 pC/cm~ , and E~ 
= 345 ky/cm .

Note the much “harder” hysteresis for the copol ymer as compared to the homo-
polymer. Even with a smaller saturation electric field , the copolymer has a larger coercive
field. Also, the ratio of the remanent polariza tion to the saturation polarization is larger
for the copolymer as compared to the homopolymer, 0.88 versus 0.7 I, respect’vely.

The dielectric constant , e, for both a 25-micron-thick sample (with a 2:1 draw ratio )
and a Z OO-micron-thick sample (und rawn) of  the copoiymer was measured as a function
of temperature at 1000 Hz. Figure 4(a) shows the dielectric constant as a function of
temperature for the 25-micron-oriented sample, and the peak occurs at 109°C. The peak
in e(T) for the 100-micron sample, figure 4(b), occurs at 122 °C. These values of e(T) agree
quite well with the low electric field values obtained from a D versus E curve at 60 Hz.

The piezoelectric stress coefficients, g3 
~ 
were measured as a function of the poling

field for films ranging in thickness from 100 to 250 microns. The poling temperature was
130°C which was above the Curie temperature . The results of these measurements are
given in figure 5.
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Figure 3. (a) D versus E hysteresis curve for the copolymer P(VDF-TFE).
This hysteresis curve has a maximum electric field of 825 ky/cm , a coercive

- field (Eu) of 365 ky/cm, a saturation polarization (P5)of 2.4 ~(/cm
2, and

a remanent polarization 
~~ 

of 2.1 ~~/cm
2.

(b) D versus E hysteresis curve for the Kreha hornopolymer PVDF. This
hysteresis curve has a maximum electric field of 1200 ky/cm, a coercive
field (E

~
) of 345 ky/cm, a saturation polarization (P5) of 3.4 ~C/cm

2, and
• a remanent polarization (Pr) of 2.4 ~C/cm 2 .
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Figure 4. (a) Relative dielectric constant versus temperature , e(1’)/€(25°C),
for an oriented (2:1 draw ratio) 25-micron-thick copolymer, P(VDF-TFE).
(b) Relative dielectric constant versus temperature , e(T)/e(25°C), for a
randomly-oriented 100-micron-thick copolymer , P(VDF-TFE).

8

~ 

..~~~~i:



- --- . . - —~~ -a--•--, ’-- .-- ~~~~~~~~~~~~~~~~~~~~~~ 

DISCUSSION

The ferroelectri c hysteresis observed in the Kreha film and the copolymer, figures
3(a) and 3(b), strongly suggests that the (3-phase crystal is ferroelectric. The remanent and
saturation polarization compares favorably with the results from a relatively simple model

- - for frozen dipoles. It has been shown for this model 24 that the polarization for a single
crystal is given by:

e~~+2 Np= ~~~~~ < cosO>; ( I )
3 \ V /

where P = polarization ,
~oo = high frequency dielectric constant ,

• N/V = number of dipoles per unit volume ,
= dipole moment of the monomer unit , and

< cos 0> = average value of the cosine of the ang le between the dipole moment
• and the polarization.

For the copolymer , the appropriate expression for the remanent polarization is

e~~+ 2  Np
1
~r ~ 

~~~~~~~~~~~~~~~~~~~~~ O> r X 1 X2 X3; (2)

where X 1 = mole fraction of sample which is vinylidene fluoride , 0.73 ,
X2 = mole fraction of sample which is crystalline , 0.40, and
X3 = mole fraction of polymer chain which has head to tail addition , 0.95.

The number of dipoles per unit volume , N/V , is calculated fro m lattice constants deter-
mined from x-ray diffraction patterns on a similar copolymer 25 containing 7% tetra-
fluoroethylene. The lattice constants are a = 8.85 A , b = 5.00 A, and c = 2.55 A with

• 2 dipoles per unit cell. The carbon-fluorine bond has a dipole moment of 2.1 Debyes .
and the high frequency dielectric constant , e~~, is equal to 3. Substituting these values
into equation (2) yields

~r,s = ~~ < C05 0 >r ,s pcoul/cm 2 , (3)

where 
~r,s represents either the remanent or the saturation polarization , as appropriate.

Applying this model to our data , we obtain from figure 3(a), < cos 0 >r = 0.37
and < cos 0 >~ 

= 0.42. A similar calculation for the homopolymer with lattice constants
a 8.58 A, b = 4.9 1 A , and c = 2.56 A26 and a crystal linity of 0.5 yields

~r,s = 6.5 < cos 0 >r ,s pcoul/cm 2 . (4)

9
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On the basis of this model , we ob t ain < cos 0 >r = 0.37 and < cos 0 >~ = 0.52.

These values for < cos 0 > are reasonable if one assumes that during poling the only
mechanism for aligning dipoles is a 180° rotation of the pol ymer chain about its axis. Then
the maximum value o f<  cos 0 > expected for a randoml y oriented sample is 0.5.

Another interesting comparison of this model with experiment is the calculation of
the hydrostatic piezoelect ri c strain coefficient , d h,27 which is

- • dh =~~~~~~ = 
~~~~oo PL’ (5)

where 
~L is the linear compressibi lity.

The measure d values of dh and 
~L

27 for this copol ymer yield :

P = 1.92 pcoul/cm 2 . (6)

• This is in good agreement with our measure d value of Pr 2. l O pcoul/cm 2 .

The observed peaks, figures 4(a) and 4(b) , in the dielectric constant are interesting
in that they are indicative of a phase transformation from a ferroelectri c to a paraelectri c
state. 28 With this interpretation , the peaks occur at the Curie temperature . For both the
drawn and undrawn samples , the Curie temperature occurs below the melt temperature .
The diffe rences in figure s 4(a) and 4(b ) are substantial in that the peaks occur at different
temperature s, the peaks have diffe rent widths at half maximum , and their peak values are
different. These differences are very likely due to the internal strains in the oriented
sample. The stress dependence of the Curie temperature for both ferromagnetic 29 and
ferroelectric 30 materials is well documented . Furtherm ore, the observed remanent
polarization decreased continuously as this temperature was approached from below.

The observed independence of the piezoelectric stress coefficient , g3 1’ as a function
of thickness for the unoriented copolymer is shown in figure 5. These fir ‘vere all poled
at 130° C which is above the Curie temperature . The data indicate that th ling was
unif orm and this is consistent with a bulk phenomenon and ferroe lectricity. ~ is interest-
ing to note that the thicket films appear to have a slightly higher g3 for the- same poling
fields. This is due to the larger thickness ratio of copol ymer to aluminum for the thicker
samples , thereby reducing the relative stiffness increase caused by the aluminum layer on
the surface.

In a thermal pulse experiment , the thermally-stimulated charge given off by this
copol ymer has been measured as a function of time for two different poling temperatures.3’
The spatial distribution of the polarization can be determined from this data using a method
described in the literature. 32 These spatial distributions 3 1 indicate that increasing the
poling temperature leads to more unifo rm poling through the thickness of the material ,
which is in good agreement with our results.

10
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An alternate model which has been proposed to explain the electrical activity of the
vinylidene-fluoride polymers is charge injection. This model has been invoked to explain
the results of certain “sandwich ” eXperiments. 4 ’17 ’ ~ These experiments involve attempts
to pole PVDF in an arrangement which usually has a layer of Mylar separating a layer of
PVDF from the poling electrodes. in each experiment the electric poling field in the
PVDF is calculated by using a simple capacitance model with low electric field and room
temperature values of the respective dielectric constants. It is clear from the data presented
here, that the dielectric constant for a related copolymer is strongly dependent upon both• the electric field and temperature , and we expect the homopolymer to show a similar de-

- - pendence. Therefore , these room temperature and low-electric field values of the dielectric
constants do not , in fact , represent the tru e value of these dielectric constants during poling.

- .~ : Furthermore , the problem is even more complicated than this , since at high poling tempera-
tures and fields there are substantial leakage currents; and it is the conductivities which
eventually determine how the electric fields divide in such a “sandwich” arrangement (see
appendix). Therefore , these experiments must be considered in much more detail before
their results can be interp reted correctly.

50

E z 30 +
0

£

~ 2 0 -

. 100 micron films

. 175 micron films
10 — £ 250 micron films

0 I I I
0 10 20 30 40 50 60 70 80

Figure 5. Piezoelectric stre ss coefficients , g3 I’  as a function of the poli ng
fie ld for films r anging in thickness from 100 to 250 microns.
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CONCLUSION

• We have studied the copolymer , P(VDF-TFE), which is known to be both piezo-
electric and pyroelectric.27 These are both necessary, but not sufficient , properties for any

- • substance to be termed ferroelectric. We have measured the pol arization hysteresis , D versus
E, for unpoled samples of this copolymer and the resulting hysteresis exhibits reversible

-
~ polarization. The fact that the copolymer exhibits reversible remanent polarization , along

-. 
- with its observed piezoelectri c and pyroelectnc properties , forces us to conclude that it

- - is truly ferroelectric. The origin of the ferroelectricity is the di pole moment of each
monomer (CH2 = CF2 ) unit , and the fact that this copolymer crystallizes into a polar (fi)
crystal phase. The values obtained from the hysteresis figures , for both the saturation and

- the remanent polarization , are in excellent agreement with the values calculated from a
dipole model , using the known dipole moment of the CH-, = CF2 monomer and the
measured crystal parameters. Furtherm ore , a sharp peak was observed in the dielectric
constant at the Curie temperature and the observed remanent polarization decreased con-
tinuously as this temperature was approached from below.

%

12



I

REFERENCES

I . H. Kawaii , Japan f .  App!. Phys. 8, 975 (1969).

- 
~~~

- 2. E. Fukada and S. Takashita , Japan J . AppL Phys. 8, 960 (1969).

3. H. Burk ard and G. Pfister , J. App!. Phys. 45, 3360 (1974).

4. N. Mur ayama , J. Polym , Sci.. Po lym. Phys. Ed. 13, 929 (1 975) .

5. N. Murayama et.al., J. Polym. Sci.; Po ly,n. Phys. Ed. 13 , 1033 (1975).

6. M. Oshiki and E. Fukada , Japan f .  App!. Phys. 15 , 43 (1976).

• 7. R. Shuford et.al., Po lym. Eng. Sc!. 16, 25 (1976).

8. H. Ohigashi , J. AppL Phys. 47 , 949 (1976).

9. M. Tamura et.ai., J. AppL Phys. 45, 3768 (1974).

10. R. Hayakawa and Y. Wada , Adv. Polym. Sd .  11 , 1 (1973).

11. J. B. Lando et.al., J. Polym. Sci.; PartA- 1, 4, 941 (1966).

12. B. P. Kosmynin et.al., Vysokomol. soyed. 6 , 1254 (1970).

13. J. P. Luongo , J. Polym. Sci.. Part A-2, 10 , 1119 (1972).

14. P. D. Southgate, App!. Phys. Len. 28, 250 (1976).

— 

• 15. D. K. Das Gupta and K. Doughty, App!. Phys. Len. 31 , 585 (1977).

16. J. G. Bergman, Jr. et.al., App!. Phys. Len. 18 , 203 ( 1971).

17. G. Pfister et.al., J. App!. Phys. 44, 2064(1973) .

18. G. Pfister and M. A. Abkowitz , J. App!. Phys. 45 , 1001 (1974).

19. N. Murayawa and H. Hashizume , J. Polym. Sci.; Polym. Phys. Ed. 14 , 989 (1976).

20. E. J. Sharp and L. E. Garn , App !. Phys. Lett. 29 , 480 (1976).

13

~~~~~~~ ~~ •~~_. i ~~~~~~~~~~~~~~~•



21. M. Tamura et.a l., J . App!. P h s . 48, 513 ( 1977) .

22. W. R. Blevin, App!. Ph vs. Let t . 3 1 , 6 ( 1977) .
p 

23. C. B. Sawyer and C. H. Tower , Phys. Rev. 35 , 269 (1930).

24. F. I . Mopsik and M. G. Broadhurst , J. App!. P/n ’s. 10 , 4204 ( 1 9 7 5 ) .

25. J. B. Lando and W. W . Doll , J. Macromal. Sei.-P/ , vs. 132 , 205 (1968 ).

- • 26. R. 1. Miller and J. Raisoni , J. Po !ym. Sc!., P olt ’m. Phys. Ed. 14 , 2325 ( 1976).

- 27. G. T. Davis , “Piezoelectricity and Pyroelectricity in a Poly (viny lidene fluoride-
tetrafluoroethylene) Copolymer,” Proceedings of Piezoelectric and Pyroelectric
Symposium-Workshop, NBSIR 75 -7 60, Sept 1975 , p 1 20.

28. C. Kittel, introduction ~o Solid State Ph ysics (John Wiley & Sons , Inc. New York ,
1971 ), 4th ed., p 477.

29. R. M. Bozorth, Ferro magnetism (D. Van Nostrand Co., Inc. Princeton, New Jersey,
1964), 8th ed., p 723.

30. B. Jaffe , W. R. Cook , Jr ., and H. Jaffe , Piezoe!ectric ceramics , (Academic Press ,
New York , 1971) p 57 .

3 !.  G. T. Davis and M. G. Broa dhurst , “Piezoelectricity and Pyroelectricity in
Crystalline Polymers,” NBS IR 76 — 1186 , Dec 1976.

I - 32. R. E. Collins . J. App!. P/n ’s. 47 , 4804 (1976).

33. K. Takahashi , H. Lee , R. E. Salomon , and M. M. Labes , J. App!. Phys. 48, 4694(1977 ) .

i
14

L ~~~~~~~~~~~~~~~~~~~~~~~~~ - -



- - - -

~~~~~~~~

a-

- APPENDIX

Consider two uniform dielectrics “sandwiched ” together between electrodes. The
a dielectrics will have , respectively, thicknesses t 1 and t 2, relative dielectric constants e 1 and

e2, and conductivities a1 and a2. At time t = 0, a voltage V0 is placed across the two elec-

- 
‘ trodes. To calculate the electric fields , E 1 and E2, as a function of time in the two dielec-

) trics, consider Maxwell’s equation

V D pf. (A-I)

p

and the equation of continuity

a,,
• V • j + ~~S 0, (A-2)

with the boundary condition

E 1t 1 + E 2t2 = V 0, (A-3)

- where Pf is any free charge trapped within the dielectric. For any uniform dielectric , the
trapped free charge will occur at the in terface , therefore Pf  ~ ~( x—t 2 ), whe re ~ is the

- . - surface charge density at the interface and & is the Dirac delta function. Defining the
- current densities as ii and j 2, respectively, equations (A-i) and (A-2) become

-

~~~ 

(e2 E2 +(61E 1 — e2 E2 ) 0 (x—t 2)) = ~ 6(x—t 2 ), (A-4 )

and

ix (‘2 ~ (j I —j 2 ) O (x—t 2)) +~~ E &(x —t 2 ) 0 , (A-5)

where 0 is the unit step function. These two equations readily simplify to

e1 E 1- e2 E2 Z(t), (A-6)
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and

a2 E2 - o 1 E 1~~~ —- (A-7)

whe re j =

Diffe rentiating equation (A-6 ) with respect to time and equating to (A-7) yields

(A-8) t

Solving equation (A-8) with the boundary condition (A-3 ) yields

e,V 0E 1 = (l...~~t/ r ) + 
— 

e tI T , (A-9 )
02 11 +a 1 t2 €111 ~~~l t 2

and

___________ 

e 1V
= — ° 

— ( l_ e~~/~) + ° 
~~~~a2 t 1 + a 1 t 2

€2 t l ~~~~~~
where r a2t j + a 1 t-,

Therefore , at t = 0 the electric fields divide themselves so that the electric disp lace.-
ment . D, is continuous across the interface. Whereas , as t becomes much larger than r the
electric fields divi de the mselves so that the current density, j, is continuous across the
interface.
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